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Background
With the increase in water demand, water reclamation and reuse have become a desirable practice in the water supply industry. 2 Following the agricultural sector, industries are the second largest consumers of fresh water, withdrawing approximately 20 % of fresh water in the world. 3 In particular, the oil and gas industry consumes large volumes of water during exploration of shale oil and gas and generates large volumes of wastewater, referred to as produced water, having a complex chemical composition and being highly saline (up to 360,000 mg L -1 ). 4, 5 Membrane separation processes such as reverse osmosis (RO) are the state-of-the-art technology for desalination; 6 however, RO is often inadequate for treating the produced water, as the salinity limit of feedwater for RO applications is approximately 70,000 mg L -1 , due to the high osmotic pressure that needs to be overcome by the process. [7] [8] [9] An emerging membrane technology, membrane distillation (MD), is a promising alternative for treating such highly saline wastewaters. 10,11
Literature Review
MD is a desalination technology that can be used to reclaim water from highly saline streams. In a direct-contact MD (DCMD), the most commonly used configuration of MD, a hydrophobic microporous membrane keeps the hot feedwater and cold permeate (distillate) water separated, allowing only gas species (not liquid) to pass through the membrane and rejecting nonvolatile species (e.g., salts). 10, 11 The temperature difference between the feed and permeate creates a water vapor pressure gradient across the membrane pores, driving water vapor from the hot (feed) side to the cold (permeate) side of the membrane pores. MD has several advantages over conventional membrane desalination processes, including the high salt rejection, water flux nearly independent of feed salinity, and relatively low temperature requirement (40 -70 °C) of the feedwater, which allows for the utilization of low-grade heat sources. 12, 13 Despite these advantages, membrane wetting and fouling remain major challenges for MD. 10 Mitigation of these two phenomena (i.e., pore wetting and membrane fouling) requires conflicting surface properties. Conventional hydrophobic membranes are prone to pore wetting by a feed solution with reduced surface tensions, which can be caused by surfactants frequently found in the produced water. 14 Accordingly, recent studies have demonstrated that omniphobic membranes exhibit extreme wetting resistance against both surfactant-containing water and lowsurface-tension organic solvents. [14] [15] [16] In contrast, fouling resistance to organic pollutants, such as oil and grease found in produced water, 17, 18 generally requires a hydrophilic membrane surface. [19] [20] [21] [22] [23] Thus, an ideal MD membrane used for the treatment of complex waste streams needs to possess both hydrophilic and omniphobic surface properties.
Fabrications of MD membranes that have such disparate surface wettabilities (called Janus membranes) have been recently investigated. In most cases, hydrophobic porous substrates were modified through the deposition of hydrophilic materials, such as polyethylene glycol, 19 polydopamine, 22,24-27 hydrogel, 23,28 inorganic/composite particles, 19, 20 and electrospun hydrophilic polymers, 21 or through creating hydrophilic functional groups. 29 While hydrophilic surface modification using an omniphobic substrate has also been investigated, 21 the liquidrepelling nature of the omniphobic substrate makes it difficult to apply conventional solventbased hydrophilic modifications. In addition, the conflicting wettabilities of the hydrophilic layer and the omniphobic layer may cause delamination if a robust bonding between the two parts is absent. Therefore, integrating the two layers through covalent bonding is desirable for membrane integrity in a long-term operation. 19 As antifouling materials, zwitterionic polymers have been receiving increasing attention because of their exceptional hydrophilicity. [30] [31] [32] Comprising both cationic and anionic functional groups, zwitterionic polymers attain a high degree of hydration, effectively preventing surface adsorption of organic pollutants, even more effective than commonly used ethylene glycol-based polymers such as polyethylene glycol (PEG). [33] [34] [35] [36] However, zwitterionic polymers have not been investigated in the fabrication of antifouling Janus membranes for MD applications. Integrating the exceptionally fouling-resistant zwitterionic polymers and highly wetting-resistant omniphobic substrates through robust chemical bonding will likely maximize the utility of the two materials for the development of long-term, reliable MD process for challenging industrial wastewater treatment.
Research Objectives
In this work, we aim to develop a Janus membrane that simultaneously possesses wetting and fouling resistances for treating saline oily wastewaters through MD by creating a thin hydrophilic layer on an omniphobic substrate. Our main research objectives are described as follows:
1. Fabrication of a porous substrate which is not only hydrophobic but also oleophobic (i.e., omniphobic) for the Janus membrane to acquire an excellent wetting resistance. The omniphobicity of the substrate can be achieved by constructing a multilevel re-entrant structure, followed with a surface modification with low-surface-energy materials.
2.
Creation of a fouling-resistant hydrophilic layer on the omniphobic substrate by grafting a zwitterionic polymer layer on the substrate through a surface-initiated atom-transfer radical-polymerization (ATRP) process.
3.
Grafting of the hydrophilic layer with a controlled thickness on the top surface of the omniphobic substrate for minimization of its impact on the bulk omniphobicity, water vapor flux, and salt rejection.
4.
Demonstration of stable desalination of saline oily feedwater using the Janus membrane.
Specifically, we aim to demonstrate stable water flux and complete salt rejection from oilin-saline water emulsion that mimics a challenging wastewater from oil-and gas-industry.
Materials and Methods

Materials and chemicals
Quartz fiber (QF) membranes (type: QR-100) with an average thickness of 0.38 mm were supplied by Sterlitech (Kent, WA). The QF membrane retains 99.99% of dioctylphthalatederived particles with the diameter of 0.3 µm (data from the supplier), and its porosity is 79.3 ± 1.3% determined by the pycnometric method. 37 The average fiber diameter (d avg ) of the QF membrane is 665.7 ± 361.8 nm (Figure 2 
Fabrication of Hydrophobic, Omniphobic, and Janus Membranes
SiNPs with a relatively monodispersed size distribution (~150 nm) were first prepared by the Stöber method. 38 Briefly, 13.5 mL of TEOS was added into 136.5 mL of ethanol and then stirred for 10 minutes. The solution was subsequently added to a well-mixed solution of 6 mL of ammonium hydroxide, 48.6 mL of ethanol, and 95.4 mL of deionized water. The mixture kept being stirred for 2 hours at 30 °C. After stirring, the suspension was diluted with deionized water, and SiNPs were recovered by centrifuging the suspension at 7,000 rpm for 0.5 hour. The The fabrication of JANUS QF membranes was completed by grafting a thin layer of zwitterionic polymer (i.e., PSBMA) brushes onto the omniphobic substrate via surface-initiated ATRP, adapting the protocol in previous publications. 41, 42 We note that although initiation sites can be created by activating C-F bonds in fluorocarbon materials, 32, [43] [44] [45] the activation requires a relatively high temperature (~80 -90 °C) due to the high C-F bond energy (~486 kJ mol -1 ). 43, 45 In addition, the liquid-repelling nature of the omniphobic substrate does not allow for effective generation of initiation sites via solvent-based surface modification. Instead, it was reported that abundant initiation sites for ATRP can be generated on PVDF by plasma treatment. 46 injected into the container. The polymerization was then initiated by adding 3 mL of L -ascorbic acid solution (1 g per 10 mL of 50% v/v IPA solution) to the container. All solutions were purged with nitrogen gas before the ATRP reaction, and the entire ATRP process was conducted in a nearly oxygen-free environment shielded from light. After a designated duration of polymerization (0.5 hour, 1 hour, or 2 hours), air was introduced to terminate the ATRP reaction. 47 The modified membrane was rinsed thoroughly with 50% v/v IPA solution, followed by a rinse with deionized water. 
Membrane Characterization
The surface morphology and elemental information on the fabricated membranes were examined using a scanning electron microscope (SEM, FEI Qanta 650) equipped with an X-ray detector for energy-dispersive X-ray spectroscopy (EDS, Oxford instrument). The functional groups of the fabricated membranes were qualitatively investigated by attenuated total reflectance-Fourier- hours to minimize the roughness of the PVDF-HFP film. 48 Next, the pressed PVDF-HFP film was partially covered by a clean glass slide prior to surface activation by oxygen plasma. After plasma treatment, the glass cover was removed, and ATRP was performed by immersing the whole film in an SBMA solution for different reaction time periods (1 hour, 2 hours, and 4 hours). PSBMA was grafted only on the exposed zone to the oxygen plasma. Subsequently, the PSBMA film thickness was measured as the height difference between the plasma-exposed zone and the unexposed zone on at least three random locations using a profilometer with a 12 µm stylus tip. 49
DCMD Experiments of Fabricated Membranes
The wetting and fouling behaviors of the fabricated membranes were assessed by DCMD experiments carried out in a bench-scale MD unit with a membrane cell in a countercurrent crossflow mode (Figure 2.3) . The effective membrane area was 15 cm 2 (6.3 cm × 2.4 cm). The temperatures of the feed and permeate streams were maintained at 60 °C and 20 °C, respectively, by using two circulating water baths (Polystat Standard, Cole-Parmer, Vernon Hills, IL). The feed was circulated at a slightly higher crossflow velocity, 5.6 cm s -1 , than the permeate, 3.7 cm s -1 ,
which induced a little higher pressure in the feed than in the permeate and therefore allows for unambiguous detection of membrane pore wetting. In MD fouling experiments, a saline crude-oil-in-water emulsion was used as the feed. The emulsion was prepared by mixing 0.5 g L -1 crude oil and 0.03 g L -1 TWEEN 20 with 1 M NaCl solution using a laboratory blender at 20,000 rpm for 5 minutes. This synthetic feed solution simulates the real produced water that contains salts (1,000 -400,000 mg L -1 ), grease and oil (2 -560 mg L -1 ), and surfactants. 4,5,9 A particle size analyzer (Mastersizer 2000, Malvern) was used to acquire the size distribution of oil droplets in the emulsion (Figure 2.4) . The surface volume mean diameter (i.e., D [3, 2] ) of the oil droplets was 0.866 µm, and 90% of the total oil volume comprised oil droplets with diameters smaller than 3.861 µm (i.e., D[0.9] = 3.861 µm). For JANUS QF membranes, the PSBMA-modified surface was left to face the feed solution, while for other membranes there was no specific orientation between the two membrane sides. 
where ∆m p (kg) is the mass change in the permeate during the time period of ∆t, ρ is the water density (kg m -3 ), A m is the effective membrane area (1.5 × 10 -4 m 2 ), and ∆t is the time interval (h). The factor of 1000 was multiplied to express J w in the unit of L m -2 h -1 .
The conductivity of the permeate solution was monitored by a conductivity meter (Oakton CON 2700, Oakton Instruments, Vernon Hills, IL) with built-in software, and the conductivity meter has an accuracy of ±0.1 µS cm −1 . The salt (NaCl) rejection, R, was calculated by using
where V P is the total permeate volume (L), C F and C P are the salt concentrations in the feed and permeate (mol L -1 ), respectively, and ∆(V p C p ) indicates the mass of salt that passed through the membrane during the time period of ∆t.
Results and Discussion
Membrane Morphology
SEM micrographs depicting the surface morphology of the pristine and fabricated QF membranes are shown in Figure 3 .1. To achieve surface omniphobicity, re-entrant structures and low surface energy are essential. 14, 16, 51 The cylindrical geometry of fibers of the pristine QF membrane features a primary re-entrant structure (Figure 3.1a) , which provides a kinetic barrier against the wetting transition from thre Cassie-Baxter to Wenzel state. The SiNP-attached QF membrane displays a dense deposition of spherical SiNPs having a relatively uniform size on the quartz fibers (Figure 3.1b) , which establishes a multilevel re-entrant structure. 14, 52 After immersing the membrane in the PVDF-HFP/FDTES solution, a thin film was uniformly coated on the surface of the fibers and SiNPs (OMNI QF membrane, Figure 3 .1c), while preserving the multilevel re-entrant structure.
The uniformly coated PVDF-HFP/FDTES film on the SiNPs and quartz fibers, followed by plasma treatment, 46 provides abundant sites onto which PSBMA brush can be grafted via surface-initiated ATRP. 
Membrane Characteristics
The characteristic functional groups of the fabricated membranes were qualitatively characterized by ATR-FTIR to verify the grafting of the PSBMA layer on the membrane surface. cm −1 were found in the spectra of the JANUS QF membranes only, representing two major functional groups of SBMA: the ester group and the sulfonate group, respectively. 41, 53, 54 The presence of the characteristic element, sulfur, in PSBMA was also revealed via the EDS scanning of the top surface of the JANUS QF-2h membranes (Figure 3.3) , demonstrating a successful grafting of PSBMA brush layers on the surface of the JANUS QF membranes. Additionally, the absorbance intensities of the ester and the sulfonate groups increase with a longer duration of the ATRP reaction (Figure 3.2) , suggesting an increased amount of PSBMA.
To further explore the relationship between the thickness of the PSBMA brush layer and ATRP reaction time, a PSBMA film was formed on a glass slide through the identical process for the fabrication of JANUS QF membranes (Section 2.3) ; a PVDF-HFP film was first cast on a glass slide, the film was exposed to oxygen plasma, and a PSBMA brush layer was grafted via ATRP with different reaction times (i.e., 1 hour, 2 hours, and 4 hours). The thickness of the brush layer increases with the reaction time (Figure 3.4) , consistent with the electron microscopy ( Figure   3 .1d-f) and ATR-FTIR analysis (Figure 3.2) . These results confirm that a precise control of the PSBMA brush layer thickness is enabled by tuning ATRP duration, 32, 55, 56 consequently controlling the membranes' surface hydrophilicity and fouling resistance. Water contact angle measurements were also conducted to investigate the effects of grafted PSBMA on the surface hydrophilicity of the fabricated membranes (Figure 3 (Figure 3.7) ,
indicating that the bulk parts of the membranes were not affected by the plasma treatment. A visual investigation of membrane wettability was also performed by placing 10 µL liquid droplets (water, ethanol, and hexane) onto the pristine and modified membranes (Figure 3.9 ). As expected, all the testing liquids permeated through the entirely hydrophilic, pristine membrane.
Membrane Surface Wettability
Consistent with the contact angle measurement, the hydrophobic QF membrane exhibits a high 
Membrane Wetting Resistance in Membrane Distillation
Maintaining a nonwetting state of the membrane is critical for a long-term, sustainable water desalination by membrane distillation (MD). We assessed wetting resistances of the hydrophobic QF, OMNI QF, and JANUS QF membranes in DCMD. Likewise, wetting resistances of OMNI QF and JANUS QF-2h membranes were compared in the DCMD experiments using 1 M NaCl solution as the feed at 60 °C with 0.2 mM SDS and deionized water as the permeate at 20 °C (Figure 3.12 ). Both membranes showed perfect salt rejections more than 30 hours, exhibiting an equally excellent wetting resistance. In particular, this experiment again confirms that the hydrophilic zwitterionic modification developed in our study does not compromise the omniphobicity of the JANUS QF membrane. We note that the water flux of the JANUS QF-2h membrane was slightly lower than that of the OMNI QF membrane, likely due to two possible mechanisms: first, the partial blockage of membrane pores by PSBMA layers (as shown in Figure 3 .1d-f) could increase the vapor transport resistance;
second, the water trapped in the hydrophilic PSBMA layer could result in a poor convective heat transfer and thus causes a more severe temperature polarization, leading to a compromised driving force. 20 Although this flux reduction is not significant, the impact of ATRP duration on the PSBMA layer thickness further allows for minimizing the flux reduction while maintaining the surface hydrophilicity. deionized water at 20 °C as the permeate solution.
Membrane Fouling Resistance in Membrane Distillation
Prior to MD experiments, a simple static fouling test was performed to examine fouling behaviors of the OMNI QF and JANUS QF membranes, using crude oil as a representative foulant in oil-and gas-produced waters. As shown in Figure 3 .13a, crude oil droplets beaded up on the OMNI QF membrane surface. Upon the immersion of the membrane into water, however, these oil droplets spread and adhered onto the membrane immediately (Figure 3.13b) , because of the attraction of the hydrophobic surface toward the nonpolar liquid (i.e., crude oil) over the polar liquid (i.e., water). In contrast, although the crude oil droplets spread over on the hydrophilic surface of the JANUS QF-2h membrane in air (Figure 3.13c ), they were immediately detached from the membrane surface (Figure 3.13d ) when the membrane was immersed in water.
Consistent with these results, the OMNI QF membrane and the JANUS QF-2h membrane exhibited a low (~25.7°) and high (~152.0°) underwater-oil contact angle (Figure 3.14) ,
respectively. This oil-repelling characteristic of the JANUS QF membrane re-emphasizes the necessity of a highly hydrophilic layer for fouling-resistant MD membranes and suggests an excellent antioil fouling property of the JANUS QF membrane, which will be further discussed in the following. To investigate the antifouling performance of the JANUS QF membranes in MD, a surfactant-stabilized crude-oil-in-saline water emulsion (0.5 g L -1 crude oil, 0.03 g L -1 TWEEN 20, and 1 M NaCl) was prepared to simulate oil-and gas-produced waters. The hydrophobic QF and OMNI QF membranes were first used to examine the fouling tendency of hydrophobic and omniphobic membrane surfaces, respectively, in MD. The hydrophobic QF membrane showed rapid increases of both water flux and permeate conductivity only after a 40-min test ( Figure   3 .15a), indicating pore wetting and the loss of process integrity. This poor MD performance implies that conventional hydrophobic membranes are not suitable for treating oily wastewater using DCMD. The OMNI QF membrane exhibited an improved performance (Figure 3.15b indicating an occurrence of membrane pore wetting of the OMNI QF membrane.
Next, JANUS QF membranes fabricated with 0.5, 1, and 2 hours of ATRP reaction times were tested. The JANUS QF-0.5h membrane showed virtually no improvement in wetting and fouling resistances compared to the OMNI QF membrane (Figure 3.15b) , likely due to the insufficient coverage or thickness of the zwitterionic polymer layer. However, a further increase of ATRP reaction time led to a reduced fouling propensity. The rate of the water flux decline of the JANUS QF-1h membrane was two-fold lower than that of the OMNI QF membrane ( Figure   3 .16), with an extended period of perfect salt rejection. However, the permeate conductivity rapidly increased after 9 hours, indicating an occurrence of pore wetting. A further increase of ATRP reaction time for zwitterionic polymer grafting resulted in a significant improvement of MD performance; the JANUS QF-2h membrane exhibited not only a constant water flux but also a nearly perfect salt rejection throughout the MD fouling test (Figure 3.16 ). This observation presents the idea that the hydrophilic modification markedly enhances the fouling resistance, consistent with the static oil-fouling test (Figure 3.13) , and does not exert detrimental effects on the wetting resistance. Still, mechanisms of the nonoccurrence of pore wetting in the JANUS QF-2h membrane as well as the observed oil-fouling-induced wetting in OMNI QF, JANUS QF-0.5h, and JANUS QF-1h membranes are rather speculative. Although omniphobic membranes are generally resistant to wetting by surfactant-containing, low-surfacetension feedwater, [14] [15] [16] simultaneous fouling and wetting of omniphobic MD membranes treating foulant-containing feedwater have been reported. 21, 60 Consistent with previous fouling studies, membranes with an insufficient zwitterionic coating (i.e., OMNI QF, JANUS QF-0.5h, and JANUS QF-1h membranes) do not seem to effectively block hydrophobic-hydrophobic interaction between the oil droplets and the underlying omniphobic porous layer. Consequently, adsorption of the surfactant-bound oil droplets on the membrane pore surfaces still occurs, allowing the membrane pores to be covered by surfactants and subsequently leading to wetting. 61 Meanwhile, the JANUS QF-2h membrane effectively prevents the adsorption of surfactantbound oil droplets, deterring surfactant adsorption on the pore induced by oil fouling (as surfactant carriers). While free surfactant molecules (unbound to oil droplets) can readily pass through the hydrophilic layer and access the omniphobic inner layer of the JANUS QF-2h membrane, its high wetting resistance keeps the membrane unwetted. In addition, a recent study reported that the hydrophilic surface layer on MD membranes may reduce the access of surfactant molecules to the hydrophobic inner layer, partially contributing to wetting prevention. 22 Taken together, our results suggest that a zwitterionic polymer layer of a sufficient quantity confers omniphobic membranes with an effective mechanism for both fouling and wetting prevention. This is also consistent with the previous study where a sufficient amount and thickness of the zwitterionic polymer layer is required to have an effective fouling resistance. 49
Conclusion
In this study, we fabricated Janus membranes by grafting a zwitterionic polymer brush layer through surface-initiated ATRP on an omniphobic membrane substrate for treating saline oily wastewaters through MD. The zwitterionic polymer layer was confined only on the membrane surface, and the surface hydrophilicity (on the polymer-grafted side) of the fabricated membrane can be tuned by controlling the polymerization duration. Even with the hydrophilic surface modification, the remaining part of the Janus membrane still maintained an excellent omniphobicity, resisting the wicking of both water and organic solvents (e.g., ethanol and hexane), and showed a stable desalination performance in MD tests with low-surface-tension (~33 mN m -1 ) feedwater. We also performed oil-fouling MD experiments using a crude-oil-insaline water (1 M NaCl) emulsion as a feedwater that mimics highly saline oily wastewaters. The omniphobic membrane without a hydrophilic layer was prone to severe oil fouling, and pore wetting eventually occurred. Janus membranes fabricated with a longer duration of the ATRP reaction exhibited a lower rate of water flux decline and more robust wetting resilience; Janus membranes modified with an ATRP reaction time of 2 hours exhibited a constant water flux and nearly complete salt rejection over the entire MD testing period. This superior MD performance of Janus membranes proves that an exceptionally hydrophilic zwitterionic polymer layer and a liquid-repelling omniphobic porous layer can be integrated without compromising each other's wetting property, through surface-initiated ATRP that allows for a robust chemical bonding between the two different layers and for a precise control of zwitterionic polymer layer thickness.
To the best of our knowledge, this study is the first to integrate a hydrophilic polymer layer on an omniphobic porous substrate with chemical bonding through a highly controllable ATRP reaction, which is expected to offer a more robust integration than those relying on physical integration. Our fabricated Janus membrane had showed excellent MD performance when treating synthetic wastewater. We anticipate that Janus membranes can significantly expand the applicability of MD for water reclamation from more challenging industrial highly saline wastewaters. Future research will need to be directed to (1) investigating the MD performance of the Janus membrane and (2) exploring the design and fabrication of a high-performance MD membrane for treating complex industrial wastewaters.
